Intrinsic quantum correlations supported by the SU (2) ⊗ SU (2) structure of the Dirac equation used to describe particle/antiparticle states, optical ion traps and bilayer graphene are investigated and connected to the description of local properties of Dirac bi-spinors. For quantum states driven by Dirac-like Hamiltonians, quantum entanglement and geometric discord between spin and parity degrees of freedom -sometimes mapped into equivalent low energy internal degrees of freedom -are obtained. Such spin-parity quantum correlations and the corresponding nonlocal intrinsic structures of bi-spinor fermionic states can be classified in order to relate quantum observables to the (non)local behavior of these correlations. It is shown that free particle mixed states do not violate the Clauser-Horne-Shymony-Holt inequality: the correlations in such mixed bi-spinors, although quantum, can be reproduced by a suitable local hidden variable model. Additionally, the effects due to a non-minimal coupling to a homogeneous magnetic field, and to the inclusion of thermal effects are evaluated, and quantum correlations of associated quantum mixtures and of the thermal states are all quantified.The above-mentioned correlation quantifiers are then used to measure the influence of CP transformations on spin-parity quantum correlations, and our results show that quantum entanglement is invariant under CP transformations, although the geometric discord is highly sensitive to the CP symmetry. * Electronic address: alexeb@ufscar.br; On leave of absence
I. INTRODUCTION
Since the Einstein, Podolsky and Rosen [1] controversial conclusion that quantum mechanics was not complete and that some underlying (hidden) variable would be necessary for a complete physical description of reality, mathematical and physical implications of a (local) hidden variable theory related to the phenomenon of quantum entanglement have been extensively investigated [2] [3] [4] [5] [6] . The so-called hidden variable mechanism should support the interpretation of quantum mechanics as to account for the probabilistic features driven by some kind of inaccessible variable theory. A local hidden variable (LHV) theory adds the local realism as a requirement to rule out from the theory any kind of instantaneous non-causal measurement events.
According to the Bell's theorem [7] , some sets of LHV's cannot reproduce the quantum measurement correlations predicted by quantum mechanics. The novel element introduced by Bell [7] was that quantum correlations are essentially nonlocal. From the perspective of quantum entanglement [8] [9] [10] [11] , it states that separated particles can instantaneously share common properties and respond to quantum measurements as if they were a single particle.
This provides the setup for the analysis of the hidden variable scenario, leading for instance to Bell's inequalities [5, 7, 12] . In such a context, the Bell inequality derived by Clauser, Horne, Shimony and Holt [13] -the CHSH inequality -has been used as a tool for testing locality in quantum systems. Through several setups, for example, in the characterization of superconducting qubits [14] , in the architecture of trapped atoms [15] , in the manipulation of quantum information protocols [5, 6] , or even in connection with noncomutative effects [16] , the CHSH inequality has been supported by measurements of observable quantities.
Bell's inequality has also been the ground for discussing quantum correlations in relativistic setups [17] [18] [19] [20] [21] 23 ]. Bell type correlations were firstly contextualized in a relativistic framework for discuss the concept of a relativistic center-of-mass [17] , and since then the relation between Bell's inequality and transformation properties of quantum correlations was intensively studied [18] [19] [20] [21] [22] [23] . For instance, when a pair of spins with different momenta is subjected to a Lorentz boost, the degree of violation of Bell's inequality is degraded [17] [18] [19] , although for suitable conditions an anomalous behavior with local maximum of CHSH correlation, was observed [21] . A complete covariant setup was described for states constructed as a pair of Dirac particles with a more complex behavior of CHSH spin-spin correlations under frame transformations [20] . This relativistic effects on non-local spin correlations is due to the action of Lorentz boosts in spin states through a momentum dependent rotation, the Wigner rotation [24] , and is the basis of many results in the fruitful field of relativistic quantum information [25] . The behavior of spin-spin and spin-momentum entanglement under relativistic transformations has also been addressed [23, [26] [27] [28] and parallel to the discussion of transformation properties of quantum correlations, the very definition of relativistic spin operator has also been addressed [22, 29-31, 33, 34] . In this fundamental context, a spin density matrix exhibiting covariant observable properties can be constructed with properly defined solutions of the Dirac equation [34, 35] .
The question to be posed in this manuscript is concerned with the quantification of the correspondence between (non)locality and quantum correlation aspects of the intrinsic structure of spin-1/2 particles described by relativistic bi-spinors, namely the (interacting) Dirac equation solutions. Relativistic(-like) quantum systems has been preliminary considered under the perspective of quantum information theory [36] [37] [38] in a framework to test fundamental features of the relativistic quantum mechanics, in particular, those related to the computation of quantum correlations and their (covariant) transformation properties [37, 38] . Supported by a SU (2) ⊗ SU (2) group structure [39, 40] , Dirac bi-spinors exhibit a complete entanglement profile driven by two internal degrees of freedom -the spin and the intrinsic parity/chirality [39, 41] -which provides an overall classification of the informational content of such Dirac-like structures [39, 40] .
As a matter of fact, global potentials which eventually modify the free-particle Dirac dynamics also affect the above-mentioned intrinsic bi-spinor correlations [39, 40] and bring up quantum correlation phenomenological aspects which can be identified not only in particle physics scenarios [42] [43] [44] but also in condensed matter [45] and quantum optical [40, 46] relativistic-like mapped systems. Given that all these systems are driven by Dirac-like equation solutions which -through the SU (2) ⊗ SU (2) algebra -intrinsically preserve the special relativity covariant structure, identifying and computing the quantifiers of quantum locality is by itself a relevant issue.
By following a global classification under Poincaré transformations, external field contributions to the Dirac dynamics are classified according to their (pseudo)scalar, (pseudo)vector and (pseudo)tensor characteristics [47] . A full Dirac Hamiltonian should read [39, 47] 
where bold variables denote vectors, with a = |a| = √ a · a, hats "ˆ" denote operators, β andα = {α x ,α y ,α z } are the Dirac matrices that satisfies the anti-commuting relations {α i ,α j } = 2 δ ijÎ4 , and {α i ,β} = 0, with i, j = x, y, z, andβ 2 =Î 4 (whereÎ N denotes the N -dim identity operator), all withγ =βα,γ 5 = −iα xαyαz (and, finally, with and c set equal to unity). The bi-spinor quantum correlation structure driven byĤ is naturally obtained [39, 40, 42] by identifying the SU (2) ⊗ SU (2) algebra operators witĥ
whereσ is the Pauli matrix vector representation that reflects the SU(2) structure that leads to the interpretation of the Dirac quantum mechanics as an information theory for particles and fields. In this framework, the Dirac equation solutions are described by two-qubit states encoded by the Dirac continuous variable bi-spinor structure. The simplest scenario corresponds to that one of Dirac bi-spinor eigenstates of the free particle Hamiltonian given in terms of two-qubit operators, H D =σ
2 , written in terms of a sum of direct products describing spin-parity entangled states as
where s = 0, 1 stands for particle/antiparticle associated frequencies, and the spin 1/2 characteristic is obtained from |u(p) s 1 . Dirac bi-spinors and gamma matrices represent 1 The state vector |u(p) 2 is a bi-spinor that describes the dynamics of a fermion in momentum representation coupled to its spin: for the-qubit 1, the kets |+ 1 and |− 1 are identified as the intrinsic parity eigenstates of the fermion and obey the orthonormalization relations ±| ± (∓) 1 = 1(0), as to give
the direct product between the internal degrees of freedom of spin and parity associated to a spin 1/2 massive fermion.
The above structure, when extended to interacting systems as those ones described by (1) , supports the investigation of (non)local profiles of the quantum correlations -as prescribed by the CHSH inequality -for pure and mixed states of Dirac equation solutions describing fermionic particles. Considering that the relevant spin-parity quantum correlation quantifiers are identified by the negativity (for entanglement, defined through Peres separability criterion) [48, 49] , and by the geometric discord [50] (for incremental correlations), the (non)local profile of quantum correlated states can be suitably computed from the inner parameters of the bi-spinor fermionic state [51] . Our analysis shall be concerned with two relevant scenarios in the particle physics context: the free particle one, and the one for the neutral particle non-minimally coupled to a constant magnetic field. In particular, the latter case is also considered in a scenario which admits the inclusion of temperature effects on quantum correlations of the thermal state.
Besides the influence of thermal effects on the characterization of spin-parity quantum correlations, our analysis is motivated by the understanding of how the quantum locality can be affected by CP symmetry transformations. Given the relevance of the CP symmetry on symmetric fermion-antifermion processes in particle physics, any non-symmetric correspondence between CP properties and the quantum correlation quantifiers can be identified as a meter of CP violation. In several scenarios of particle physics [52] [53] [54] which involve, for instance, neutrino and meson production and propagation, leptogenesis, and the overall pattern of weak interactions, the notwithstanding observation of CP violation -explored by experiments in the lab -provides a uniquely subtle link between the inner quantum space, which involve the spin-parity structure intrinsic to fermionic Dirac Hamiltonians, and the outer space, which is indeed phenomenologically connected to the CP violation observation.
Due to the relevance of CP symmetries in such scenarios of particle physics, its effects onto locality, entanglement and quantum correlation quantifiers are investigated herein.
The manuscript is thus structured as follows. A brief review about the Dirac Hamiltonian system written as a composite quantum system is presented in section II. It includes the theoretical tools for obtaining the quantifiers for quantum entanglement, quantum correlations and CHSH inequalities, all specialized to the context of computing the nonlocal properties of Dirac bi-spinors. In section III, the results for the negativity, the geometric discord and the 
II. NONLOCAL PROPERTIES OF DIRAC BI-SPINORS
Driven by the underlying SU (2) ⊗ SU (2) structure, the full Dirac Hamiltonian from (1) can be rewritten aŝ
where the constant quadrivector components, A 0 and A, have been dropped from the notation since they can be respectively absorbed by regular energy and momentum shifts. The eigenstates ofĤ, with defined quantum numbers of parity and spin, describe a composite quantum system belonging to a composite Hilbert space, H = H P ⊗ H S , such that each subsystem is associated to a Hilbert space of dimension 2. The two corresponding subsystems in (4) are labeled with the superscripts 1 and 2 respectively associated to the degrees of freedom of intrinsic parity P and the spin polarization S: the Dirac Hamiltonian is expressed as a two-qubit operator, and its eigenstates are two-qubit states.
As a consequence of the superposition principle for states describing composite quantum systems, such two-qubit states can exhibit quantum entanglement with respective definition related to the concept of separability. It is better engendered in terms of an associated density matrix representation. In fact, a generic two-qubit state can be written as
where a 1(2) are the so-called Bloch vectors and the elements t ij are identified as the components of a 3 × 3 correlation matrix, T . A bipartite state ρ ∈ H 1 ⊗ H 2 is separable if it can be written as
If ρ is not a separable state, then it is entangled. Entangled and separable states can be distinguished by the Peres criterion, which asserts that if a state ρ is separable then its partial transposition with respect to any of the subsystem ρ T i is also a valid density matrix. From this criterion it is possible to demonstrate that ρ is separable if ρ T i has only positive eigenvalues. With respect to some fixed basis of the composite Hilbert space H, {|µ i ⊗ |ν j } (with |µ i ∈ H 1 and |ν i ∈ H 2 ), the matrix elements of the partial transpose with respect to the first subsystem ρ T 1 are given by
In terms of the Fano decomposition (5), the partial transposition with respect to the first qubit reads
where
written in terms of the original Bloch vector and correlation matrix components, a 1j and t ij , with i, j = x, y, z.
According to the Peres separability criterion, the entanglement quantifier of a quantum state ρ is identified by the negativity, N , given by
where µ i are the eigenvalues of the matrix ρ Otherwise, mixed states can display quantum correlations even when they are not entangled [55] , but a complete characterization of them is still considered a partially open problem. Quantum discord, for instance, was the first measure proposed to quantify this kind of non-classical correlations [56] . It has been applied, for example, in the study of phase transitions [57] , as well as in connection with quantum information theory as a resource for quantum computation [58] . Although quantum discord encodes all non-classical correlations for a given state, its computation involves an optimization process over a set of all possible projectors into one of the subsystems. From a computational point of view, it corresponds to a NP-hard problem which may not have an analytical form, even for the simplest twoqubit cases [59] . This issue can be circumvented by adopting a geometric measurement called geometric discord, D, defined as the minimal Hilbert-Schmidt distance between a given state and the set of zero quantum discord states [50] . The geometric discord contains the same information about the quantum correlation encoded by the quantum discord, with the advantage of having an analytical form for two-qubit states. It reads
, and k max is the largest eigenvalue of the matrix
Besides the geometric discord, for mixed states, additional quantum correlations associ- 
For states that do not admit a LHV model, the inequality is violated. In the case of a two-qubit system, the CHSH inequality is evaluated through the mean value of the operator For an arbitrary two-qubit state ρ as given by (5), the maximum possible mean value of (12) can be computed in terms of the correlation matrix of the state through the formula
where t 1 and t 2 are the largest eigenvalues of the matrix T T T . By identifying a locality quantifier with M [ρ] = t 1 + t 2 , a sufficient criterion for the violation of the CHSH inequality
which can be rewritten in terms of the re-defined Bell function, Once the above quantifiers have been established, one can turn attentions to the analysis of bi-spinor states with the two degrees of freedom intrinsic parity and spin. The (total intrinsic plus kinematic) parity operatorP acts on the direct product of free particle states
from where one identifies the intrinsic parity operatorP aŝ
acting only on the first qubit of the spin-parity decomposition of a given bi-spinor. On the other hand, due to its intrinsic relation with group-theory concepts and its importance for implementations of information protocols, several propositions of spin operators for relativistic particles were proposed in the literature [29] [30] [31] [32] . The choice of spin operator used to compute Bell's inequality in two particle setup influence the degree of non-locality measured [17, 22, 23] , affecting also possible definitions of position operator in the relativistic quantum mechanics framework [23] and changing predictions of observables in the presence of electromagnetic fields [33] . The simpler spin operator in the context of Dirac equation
solutions is the so called Pauli spin operator
which acts on the basis vector used to write the two qubit form of the Hamiltonian (5) as
and the maximal degree of violation of Bell's inequality given by (15) is obtained through a maximization process over all possible spin polarizations. It is worth to mention that other possible spin operator is the Fouldy-Wouthuysen (FW) spin operator [60] , which additionally to (17) has a term dependent on the momentum of the particle. The mean value of spin as measured by FW spin operator is a constant of the free Dirac dynamics and the eigenstates of FW operator were used to discuss transformation properties of spin-spin entanglement [35] as well as in connection with the definition of position operator in relativistic quantum mechanics [34] .
In the present single particle spin-parity setup, for pure states driven by the Hamiltonian which only includes tensor and pseudo-tensor interactions, the results for nonlocality simply follow the results for entanglement, i.e. any entangled pure state violates the CHSH inequality and, therefore, its correlation cannot be described through a LHV. The mixed state scenario is more involved: the relation between entanglement and nonlocality is not fully understood even for the two-qubit states. Even for free particle Dirac Hamiltonian structures, mixed states exhibit an intrinsic spin-parity correlation profile where the correspondence between entanglement and nonlocality changes according to the kinematic regime.
The complexity is enhanced when one includes tensor and pseudotensor external potentials into the Dirac Hamiltonian.
A. Free particle mixed helicity states
From the free particle solutions described by (3), helicity eigenstates, |h ± , can be identified by the action of the normalized projection operatorĥ =Σ · p/p as
with eigenvalues ±1. The corresponding positive frequency solutions written in terms of helicity eigenstates is thus given by
which, by the factorization of |h ± , are evidently separable spin-parity states. Quantum superpositions of |ψ + and |ψ − are unavoidably entangled states. Such an entanglement content has been completely quantified in the context of planar (2D) diffusion problems [41] and it is potentially relevant for 2D condensed matter systems like graphene [45] . For the planar diffusion of spin-polarized electrons, the potential step 2 can generate entanglement for an initially incident separable state, and also destroy its quantum correlation even for a maximally entangled initial states in a kind of Brewster angle dependent entanglement production [41] .
Without loss of generality, the electron wave function propagation can be discussed in a frame with a unidimensional wave vector, p = pẑ. The positive energy mixed state
from which one has ρ T 1 free = ρ free , such that ρ free is a separable state (c.f. the Peres criterion). However, it exhibits quantum correlations of other nature, quantified by the geometric discord (10), evaluated as
which vanishes only for A = 0 and for m/E p = 0 or 1 (i.e. for ultrarelativistic and nonrelativistic limits). In spite of their quantum nature, these correlations are local. In fact, for (19) the quantifier (15) is evaluated as 
For a maximal mixture between positive and negative helicity states, i.e. for A = 0.5, one has a cuspid point for D (the first derivative of is discontinuous) as depicted in Fig. 1 .
FIG. 1:
Geometric discord (dashed line) and the Bell function (dotted line) for the free particle maximal mixture of helicity (separable) states (19) as function of m/E p . Although the geometric discord is not null (dashed lines), the spin-parity quantum correlational content of ρ free is always of local nature, as the Bell function (dotted lines) is always negative. The quantum correlations quantified by the geometric discord, in this case, can be reproduced by a LHV theory.
B. Inclusion of tensor and pseudotensor couplings
The Dirac Hamiltonian with tensor and pseudotensor potentials includes couplings with constant and homogeneous electric and magnetic fields, respectively, which naturally induces the intrinsic spin-parity entanglement. The Hamiltonian for a neutral particle non-minamilly coupled with an external magnetic field B through an anomalous magnetic moment κ a , and an exotic axial-vector interaction driven χ a (included by completeness) is given bŷ
with the underlying SU (2) ⊗ SU (2) structure expressed bŷ
Much more relevant than a possible appeal to some neutrino/neutron non-minimal coupling interaction driven byĤ [44] , the above related Hamiltonian eigenstates can also be simulated by a four-level trapped ion setup (used, for instance, to simulate the zitterbewegung effect) through which the spin-parity entanglement of the corresponding Dirac equation
solutions can be mapped into the entanglement between two ionic variables: one related to the total angular momentum and another one related to its projection onto the direction of a magnetic field used to lift the ionic degeneracy [40] .
By observing some algebraic properties ofĤ, from Eq. (22) one haŝ
with
and, of course,
It provides the eigenvalues of (22) as given by λ n,s = (−1)
describe a non-degenerate energy spectrum (as c 2 = 0). In this case, the density matrices associated to the eigenstates ρ n,s must be a third degree polynomial of (22) which, according to the algebraic strategy introduced in Ref. [39] , can be written as
For a generic mixed state given in terms of the eigenstates of (22),
with n,s A n,s = 1 and A n,s > 0, the Bloch vectors and the elements of the correlation matrix are given by
where ω = p × B and the coefficients g 1,2,3 are given by
B sin θ j. Since the values of θ does not interpretatively affect the results, it shall be used θ = π/4. Plots are for B/p = χ a = κ a = 1 and θ = π/4. In the nonrelativistic limit (m p) the state is local and separable. For m ∼ p the state is entangled but can be local or nonlocal depending on the value of A. For the maximal mixture, both states are local for any value of m/p. In this case, they are entangled and display quantum correlations concentrated around a maximum value. Superpositions involving positive and negative energy eigenstates increase the nonlocality with respect to mixed state of positively (or negatively) defined energies.
For non-relativistic states, i.e. for m p, the mixture is separable, local and does not display any type of quantum correlations. Otherwise, when the momentum and the mass are of the same magnitude, the state can be either nonlocal and entangled or local and entangled. As in the free particle case, for a maximal mixture, the state is local but displays quantum correlations concentrated around a maximal value, for which D[ρ] again presents a discontinuous first derivative (for the positive energy mixture). Mixed states engendered by positive and negative energy quantum superpositions exhibit an increasing nonlocal pattern,
given that for such states B negatively increases. In particular, for A = 0.1, the mixture always violates the CHSH inequality.
C. Inclusion of thermal effects
In the present framework it is possible to study how the temperature affects the correlations. In a simplified scenario where the system -initially described as an arbitrary stateinteracts with a heat bath at the inverse temperature β, in the absence of time-dependent external fields it can be proved that the thermal state (or the Gibbs state)
is a stationary solution of the master equation describing the evolution of the system under the action of such an environment. Given that the quantum dynamical semigroup describing this open system evolution has the ergodic property, any initial state will evolve to the thermal state under the action of a heat bath [61] .
The thermal state of (22) corresponds to a generic thermalized state given by
which corresponds to a generic mixture which has correlation properties depending on the temperature. In the high temperature limit (β → 0), the thermal state tends to the maximally mixed stateÎ/4, and in the low temperature limit (β λ n,s ) it tends to the lowest energy eigenstate. For the thermal state of the Hamiltonian (22) For high temperatures, the state tends to the maximal mixture which does not exhibit any quantum correlation. As the temperature decreases, quantum correlations gradually increase. In particular, quantum entanglement suddenly appears at some precision specific correspondence between T and m/p. For low temperatures, the quantum entanglement, quantum correlations and the locality quantifiers tend to a constant value (with a common value between Bell functions and geometric discord). In the limit of zero mass and low temperatures, the mixture tends to a maximally entangled state.
III. THE ROLE OF CP SYMMETRY TRANSFORMATIONS
Discrete symmetries are important in the formulation of quantum field theory and in the interpretation of several phenomena in relativistic quantum mechanics. Spatial reflections, or (extrinsic) parity, P, "geometrically mirrors" a quantum state in a 3D space, and charge conjugation, C, transforms a particle state into an antiparticle state. Both symmetries are relevant when discussing properties of fermionic Dirac-like systems. In particular, particle (intrinsic quantum number) oscillations and decay rates can be (phenomenologically)
affected by the composed CP transformation, which eventually produces asymmetrical results detected by the experiments. Under the perspective of the information theory picture discussed up to this point, the role of CP transformations on the results for spin-parity entanglement and nonlocality can be completely quantified by the CHSH inequality. CP acts as a unitary operator on both spin and intrinsic parity bi-spinor internal parameters which drive the behavior of such Dirac Hamiltonian eigenstates. The question posed at this point is whether it may affect the bi-spinor intrinsic correlations.
To introduce the CP symmetry elements into the quantum information analysis here developed, one can conveniently introduce an auxiliary multi-space vector X to denote the bi-spinor parameters. For the free particle states one has X = (m, E p ), and for the above considered interacting states (27) one has X = (m, p, B, κ a , χ a ). The parity transformation of a bi-spinor |ψ(X ) is implemented through the unitary transformationP given bŷ
whereX is obtained by inverting the sign of all vector quantities in X , i.e.X = X = (m, E p ), for the free particle states, andX = (m, −p, B, κ a , χ a ), for the non-minimally coupling interacting states, where it is noticed that B = ∇×A transforms as an axial-vector quantity.
Through (32) , the transformation of a density matrix ρ under parity is implemented by the unitary transformation ρ P (X ) =Pρ(X )P −1 , which in terms of the Fano decomposition (5) is given by
2 ) · a
where the parity transform of the Bloch vectors a P 1 (2) and of the correlation matrix T P are given in terms of the original quantities as
Analogously, the charge conjugation acts on a Dirac state aŝ
where stars " * " denotes the complex conjugation. In terms of density operators, the C transform of the density matrix is given by
with the Bloch vectors and the correlation matrix given by
From two-qubit operation perspective, the charge conjugation (36) is a kind of spin-flip operation, which only inverts the Bloch vectors, and does not change any of the local correlation inherent properties of the state.
The combination of charge conjugation and parity, i.e. the CP transformation is thus given by
and the corresponding transformed Bloch vectors and correlation matrix are given by the composition of (34) and (37) as
The C, P and CP transformations indeed act through a non-trivial sense onto the internal subsystems associated to the Dirac bi-spinors. If a Dirac bi-spinor is interpreted as a twoqubit state, C, P and CP are necessarily two-qubit operations, and as such they can modify the correlation content of a given state. When pure bi-spinors are considered, for example, in case of (28) . For such states one has that the parity can only change the entanglement content of the state by changing the dependence of such quantity on the parameters of the system X . For any entanglement quantifier for pure states generically denoted by E, one thus has E CP (X ) = E(X ).
Otherwise, for mixed states, the transformations of correlations under CP are more complex, as their evaluation rely on finding specific maximum eigenvalues (c.f. Eqs. (9), (10) and (15)). Nevertheless, the action of CP on the nonlocality of quantum correlations can be systematically calculated. The (non)local characteristic, quantified by the Bell-CHSH function (15) , depends on the eigenvalues of M = T T T . From (39) , one has
The modifications on any nonlocal character of the intrinsic correlations in Dirac bi-spinor are, therefore, uniquely driven by changes on the parameters of the state under spatial reflection. Any changes on the internal subsystems due to CP transformations does not affect the (non)local characteristic of intrinsic quantum correlations in mixed Dirac bi-spinors. A trivial example is identified from the free particle mixed state which depends only on two parameters: E p = p 2 + m 2 and m, where X =X . Of course, the local character of such state is invariant under CP transformations. In fact, ρ free is entirely invariant under the considered CP transformation, i.e. ρ CP free = ρ free , although the Hamiltonian itself is not (due to the mass term).
Otherwise, for the case of an interacting dynamics, mixed states as those from (28) Finally, for completeness, the analysis for a Hamiltonian including non-minimal coupling to an external electric field E could also be carry out through the substitutions
Because E is a vector quantity that is invertible under parity transformation, one has the parity effects parameterized by (x, p, E) → (x, −p, −E). By following the same systematic approach, one proves that, for electric field interactions, not only the entanglement negativity and the Bell function locality, but also the geometric discord, are CP invariant quantities. is also exhibited by the thermal state. To summarize, the CP transformations modify quantum correlations in mixed Dirac states, but the nonlocal character can only be changed by a modification on the parameters of the states. In terms of two-qubit operators, the C transformation is just a spin-flip operation applied to the bi-spinor internal space and, by itself, does not change the correlations of the state. Moreover, entanglement is invariant under CP, as this operation is a globally unitary one. In general, CP asymmetries are manifested through the geometric discord. Generically, the geometric discord is the unique quantum correlation which is affected by CP.
IV. CONCLUSIONS
The conflict between quantum mechanics and locality has suggested a profound incompatibility between quantum mechanics and relativity. Some relevant elements of such a controversial debate were discussed in the context of a typically relativistic quantum mechanical framework for Dirac(-like) systems. The relation among nonlocality, quantum correlations and quantum entanglement for mixed Dirac states were investigated under the perspective of including additional elements of charge conjugation and parity symmetries for free particle and interacting scenarios.
According to our results, free particle states prepared as a separable mixture between positive and negative helicities exhibit quantum correlations that are local, and therefore reproducible by a suitable LHV model. For non-minimal coupling scenarios, the quantum correlations in mixed states exhibit a more complex structure. For instance, the correlation between spin and intrinsic parity for mixed states composed by positive energy eigenstates tends to be more local, such that the violation of the CSHS inequality is relatively sup- one has identified that the nonlocality measure is more suppressed by temperature effects when it is compared to entanglement and quantum correlations. The thermalized mixture becomes local at temperatures lower than those required to completely destroy the entanglement. Moreover, the geometric discord is still more resilient to temperature effects, since it vanishes only for high temperatures, when the thermal state can be approached by a maximal spin-parity mixture.
A second issue considered here is related to how CP transformations change the correlations of mixed Dirac states. One have noticed that even states that are not invariant under CP transformations can exhibit identical profiles of quantum correlations and nonlocality.
Once specialized to the two-qubit representation of Dirac bi-spinors, the charge conjugation is just the spin flip operation implemented onto spin-parity qubits: it does not change the correlations of the bi-spinor, even if the state itself is not invariant. On the other hand, the parity symmetry acts either by operating on the combined spin-parity Hilbert space, or by changing the parameters on which the state depends. In particular, the locality content of a given mixed Dirac state can only change under CP by a changing on the parameters of the state. This fact has been exemplified by the discussion of non-minimal coupling Hamiltonians: the eigenstates are not invariant under CP, but the local characteristic of each of them, as well as its entanglement content, are invariant under CP. For such states, the effects of a CP transformation are only manifested by the results for the geometric discord. For the thermal state, the difference on quantum correlations between the CP transformed and the original state is more evinced by low temperature regimes. In addition, depending on the mass-momentum ratio, the difference does not monotonically increase with β, such that one can identify the exact temperature for which the quantum correlations are maximally distorted by CP operations.
To sum up, our results set up the framework for quantifying the local properties of Dirac bi-spinor intrinsic correlations. For some states, the quantum correlations encoded by spin and parity are typically local, and can be provided by an underlying LHV theory. More generically, the quantum discord was shown to be relevant on the characterization of how CP acts on the spin-parity correlations of such states. For example, for the case of a nonminimal coupling with an electric field, by simple substitutions one can conclude that the CP transformed states (electron and positron with opposite helicity states) shall exhibit the same local characteristic and the same degree of entanglement and quantum correlations.
As a conditional result, our preliminary analysis show that minimal electromagnetic couplings, and non-minimal coupling to electric fields does not produce quantum correlation CP violation effects. Otherwise, non-minimal couplings with magnetic fields, as those which typically affects the content of electroweak interactions, do affect the quantum correlations driven by the geometric discord under CP transformations -a result which claims for a deeper investigations of such correspondence between geometrical discord and CP violation.
Finally, the formalism adopted here can also be extended to the phenomenology of more feasible low energy measurable systems. For instance, the trapped ion setup can be engineered to reproduce the Dirac dynamics driven by tensor and pseudotensor potentials [40] .
The entanglement of Dirac equation solutions are then re-interpreted in terms of ionic state variables, and the intrinsic spin-parity parameters are translated into quantum numbers related the total angular momentum and to its projection onto the trapping magnetic field [40] . In this setup, the mixed state can arise as a consequence of coupling to a thermal environment, and all questions addressed here can, in principle, be measured through usual quantum optics techniques. A second physical system that can be considered is the bi-layer graphene. The Dirac equation structure of graphene is known to drive unique electronic properties, such as anomalous Hall effects, which can find applications in different areas of science and technology. More recently, it was proved that the tight-binding model for bilayer graphene can be directly mapped into a Dirac equation which includes both tensor and pseudovector external field interactions. In this setup, some eventual transformations under CP can lead to a non-invariant local characteristic of mixed states, a challenging prospect which deserves more investigation in some future issues.
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